Introduction
============

Extraintestinal pathogenic *Escherichia coli* (ExPEC) is a pathotype of *E. coli* responsible for morbidity and mortality in a wide range of hosts. In humans, neonatal meningitis *E. coli* (NMEC) is responsible for approximately 28--29% of cases of neonatal bacterial meningitis with a mortality rate of 12% ([@B14]; [@B52]). Uropathogenic *E. coli* (UPEC) is responsible for the greatest number of both catheter-associated urinary tract infections and uncomplicated urinary tract infections worldwide ([@B13]). Serious cases of urinary tract infections can result in pyelonephritis, potentially leading to sepsis and death. Avian pathogenic *E. coli* (APEC) is a non-human subpathotype of ExPEC and the causative agent of colibacillosis in poultry. Collectively, human infections caused by ExPEC strains result in billions of dollars in healthcare costs annually, while APEC also poses a significant financial burden to the poultry industry ([@B38]; [@B13]). In addition, ExPEC subpathotypes from different host sources have also been shown to exhibit genomic ([@B22]) and phenotypic similarities ([@B45]; [@B54]).

Biofilms are complex communities of surface-associated microorganisms that are enclosed in a structured, highly hydrated extracellular polysaccharide ([@B10]; [@B12]). In themselves, biofilms are a distinct bacterial lifestyle since biofilm formation promotes resistance to antibiotics and sanitation as well as exchange of DNA ([@B9]; [@B4]). Biofilms can lead to persistent and chronic infections in humans, and an estimated 65% of hospital infections are of biofilm origin ([@B44]). Additionally, persistence of APEC in the poultry production environment may be due to biofilm development on plastic surfaces such as water feeding systems ([@B28]; [@B2]). *E. coli* K1 biofilms have also been isolated from neonatal nasogastric feeding tubes ([@B1]), and biofilm-like intracellular bacterial communities (IBCs) are known to play an important role in the pathogenesis of UPEC since IBC formation allows UPEC to continue colonization of the bladder and resist expulsion ([@B48]; [@B18]; [@B13]). The ability of ExPEC to exchange DNA in biofilms is also of concern due to potential acquisition of virulence and antimicrobial resistance plasmids ([@B24]; [@B46]).

Although biofilm analyses have been done independently in APEC ([@B49]), UPEC ([@B50]), and NMEC ([@B57]), cross comparisons among these ExPEC subpathotypes are problematic due to procedural differences in the studies. This lack of comparative data can be a roadblock to the study of the zoonotic potential of ExPEC, the development of universal mitigation strategies to control ExPEC-caused diseases, and our understanding of ExPEC's environmental persistence, transmission, and pathogenesis. Additionally, failure to understand the differences in biofilm production between ExPEC and their commensal *E. coli* counterparts, including avian fecal *E. coli* (AFEC) and human fecal *E. coli* (HFEC), can undermine our understanding of ExPEC's disease pathogenesis and prevent clarity on the importance of biofilm production in the survival of ExPEC outside vs. inside the host.

Another issue that may limit our clarity on the importance of biofilm production to ExPEC pathogenesis is that previous studies ([@B49]; [@B50]; [@B57]) of ExPEC biofilm production were analyzed by phylogenetic assignment according to the original typing scheme of Clermont ([@B6]). Here, we compare different ExPEC, assigned to different phylogenetic groups using Clermont's more recent and refined typing scheme ([@B7]). Such data may lend great insight into the role of biofilm in pathogenesis since phylogenetic group assignment may predict an *E. coli*'s capacity to cause disease ([@B43]).

In addition to looking for differences in biofilm production between ExPEC and *E. coli* commensals, among members of different ExPEC subpathotypes, and members of different phylogenetic groups, we sought to determine if these differences were best discerned under three different conditions of growth, including nutrient-poor, nutrient-limited, or nutrient-rich conditions ([@B49]).

In the present study, we seek to remedy deficits in our understanding of ExPEC biofilm production. To do so, biofilm production of ExPEC from APEC, NMEC, and UPEC subpathotypes and their commensal counterparts, all assigned to phylogenetic groups according to Clermont's original and revised typing schemes and using the same methodology under three conditions of growth was assessed.

Materials and Methods {#s1}
=====================

Strain Selection
----------------

To assess biofilm formation, 175 *E. coli* isolates were tested including 108 ExPEC strains and 67 commensal *E. coli* strains. These isolates were randomly selected from collections that have been described previously ([@B45],[@B46]; [@B25], [@B23]; [@B30]), and efforts were made to ensure that members of all phylogenetic groups were represented. Since [@B30] demonstrated natural differences in the distribution of the phylogenetic groups among isolates of the different subpathotypes, this study did not equilibrate the isolates selected based on their subpathotypes or commensal classification, thus avoiding production of erroneous results when generalizing the groups. **Table [1](#T1){ref-type="table"}** provides information about the isolates examined in this study, and the data for each strain is found in the Supplementary Table [3](#SM6){ref-type="supplementary-material"}.

###### 

Isolates used in this study as classified by subpathotype or commensal category and Clermont's phylogenetic typing schemes.

                  Original scheme   Revised scheme                                                     
  --------------- ----------------- ---------------- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
  **ExPEC**       APEC              44               11   4    7    22   4    4    6    8    5    9    8
                  NMEC              32               8    2    15   7    5    2    15   3    1    1    5
                  UPEC              32               9    5    7    11   4    5    5    5    7    1    5
  **Commensal**   AFEC              33               9    6    8    10   5    5    4    4    5    5    5
                  HFEC              34               9    6    9    10   7    6    8    1    6    1    5
  **Sum**                           175              46   23   46   60   25   22   38   21   24   17   28
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Biofilm Assay
-------------

Isolates to be tested were struck from frozen stock to tryptic soy agar (TSA, Difco, BD, Franklin Lakes, NJ, United States) and incubated at 37°C for 18--24 h. Three colonies were selected per strain and incubated for 16 h in Luria Bertani (LB) Miller broth (Difco). These cultures were tested based on methods previously described ([@B40]; [@B51]; [@B49]). Previous work has demonstrated that the assay used here, a 96-well microtiter plate with crystal violet staining, has a high repeatability and broad applicability and is useful for the examination of the early stages of biofilm development ([@B40]; [@B34]; [@B41]; [@B39]). After incubation for 16 h, the strains were diluted 1:100 with each broth; these included brain heart infusion (BHI) broth (Bacto), 1/20 diluted tryptic soy broth (TSB; Bacto), and M63 minimal media ([@B53]; [@B49]). 200 μL aliquots of each diluted strain in medium were dispensed into seven wells of a Sarstedt 96-well flat bottom microtest plate (Sarstedt, Nümbrecht, Germany). Uninoculated medium was used as a negative control in the eighth well. Plates were incubated at 37°C for 24 h without shaking before the contents of the plates were decanted, and the plates washed once with sterile deionized water. Following washing, microplates were stained for 30 min with 200 μL of 0.1% crystal violet solution (J.T. Baker Chemical Co., Phillipsburg, NJ, United States). After staining, the plates were washed four times with sterile deionized water and allowed to air-dry for 1 h. Following drying, the biofilms were resolubilized with 200 μL of an 80:20 solution of ethanol and acetone, and 150 μL of the resulting solution was transferred into a new plate. Biofilm formation was quantified by measuring the optical density (OD) of the dissolved crystal violet at 600 nm using an ELx808 Ultra MicroPlate Reader with Gen5 Microplate Reader and Imaging software (Bio-Tek Instruments, Winooski, VT, United States). The ODs of the three biological replicates in seven wells were averaged for each test strain in each medium tested.

Clermont's Phylogenetic Typing
------------------------------

All isolates were assigned to phylogenetic groups based on the original and revised Clermont phylogenetic typing schemes ([@B6], [@B7]). These protocols have been described previously and are based on amplification of the *chuA* and *yjaA* genes as well as the TSPE4.C2 DNA fragment ([@B6]) or revised *chuA*, *yjaA*, and TspE4.C2 DNA fragment along with the *arpA* and *trpA* genes ([@B7]; [@B30]). Amplified products were run on a 2% agarose gel in 1× TAE buffer with known controls (ECOR collection) and classification of the strains was determined by the presence or absence of gene products.

Biostatistics
-------------

The ODs measured for the negative control wells for each test strain and medium combination were measured and averaged. The ODs for each test strain in a given medium were averaged and normalized against the negative control by subtracting the average OD of the negative control from the average OD of the test strain. Statistical analyses were performed in MATLAB (Mathworks^®^) using the normalized average data for each test strain in each of the three media. As the obtained ODs deviate from a normal distribution, the Kruskal--Wallis (KW) test (one-way ANOVA on ranks) was used as a non-parametric test to determine significant differences in biofilm formation between the original or revised Clermont's phylogenetic types or subpathotype or commensal *E. coli* ([@B26]). Multiple comparisons were performed in relation to ANOVA using Tukey's honest significant difference test (HSD) to reduce the incidence of Type I error ([@B55]). Direct comparisons between two groups were made using the Mann--Whitney U test (MW; [@B32]).

To reduce the human bias introduced by setting cutoffs for levels of biofilm formation, cluster analysis was performed by an unsupervised machine learning technique. For each medium, isolates were clustered by level of biofilm formation using *k*-means clustering ([@B31]) with four means identified to represent negligible, low, moderate, and high levels of biofilm formation; the use of these four categories is consistent with previous work ([@B51]; [@B49]). The *k*-means algorithm was performed with the L1-norm; 10,000 replicates for each media were performed to produce optimal clustering. When biofilm production was treated as a discrete classifier, the chi-square test of homogeneity was used to determine statistically significant differences. Significance for all statistical tests was determined at the α = 0.05 level.

Results
=======

Overall Associations of Medium and Biofilm Production
-----------------------------------------------------

In the three different media tested, biofilm formation exhibited limited correlation between media (Pearson's correlation coefficient: M63 to TSB, *r* = 0. 3461, M63 to BHI, *r* = 0. 3217, BHI to TSB, *r* = 0.1892), which suggests that biofilm formation in each medium should be examined individually. In general, the optical densities were significantly greater for isolates when grown in M63 than in diluted TSB or BHI (KW, *p* = 1.492E-09). Supplementary Figure [1](#SM1){ref-type="supplementary-material"} shows the optical densities of each medium for all strains examined with the standard error of mean included.

When all *E. coli* were classified as a negligible, low, moderate, or high biofilm in each medium using *k-*means clustering (**Figure [1](#F1){ref-type="fig"}**), approximately 33.1% of *E. coli* strains formed moderate or high biofilms in M63; classification of moderate or high biofilms in diluted TSB and BHI were lower at 23.4 and 26.9%, respectively (Supplementary Table [1](#SM4){ref-type="supplementary-material"}). The final OD measurements of each strain tested are available in Supplementary Table [3](#SM6){ref-type="supplementary-material"}.

![*k*-means Clustering of *E. coli* by media. *k*-means clustering was used to determine the level of biofilm production for each *E. coli* isolate in four categories: negligible (red), low (green), moderate (blue), and high (purple).](fmicb-09-00902-g001){#F1}

Associations Between Biofilm Formation by *E. coli* Commensals and ExPEC Subpathotypes
--------------------------------------------------------------------------------------

When all test strains were examined in M63 broth and classified as negligible, low, moderate, or high biofilm producers, strains classified as APEC and NMEC were found to be significantly weaker biofilm producers (χ^2^, *p* = 0.0064 and 0.0092, respectively) among all of the *E. coli* examined. In APEC, the majority of strains (56.8%) produced negligible biofilms while the majority of NMEC (53.1%) produced low-level biofilms (**Figure [2](#F2){ref-type="fig"}**). UPEC, AFEC, and HFEC strains could not be differentiated from any other *E. coli* groups (MW, *p* = 0.6007, 0.6371, 0.4956, respectively). In addition, the majority of UPEC (62.5%), AFEC (57.6%), and HFEC (52.9%) isolates produced low or moderate biofilms using *k*-means clustering (**Figure [2](#F2){ref-type="fig"}**).

![Prevalence of biofilm formation in ExPEC subpathotypes and *E. coli* commensals. Percentage of negligible (red), low (green), moderate (blue), and high (purple) biofilm forming isolates by subpathotype or commensal *E. coli* designation. APEC and NMEC are significantly different in their abilities to form biofilms in M63 (*p* = 0.0064 and 0.0093, respectively).](fmicb-09-00902-g002){#F2}

In diluted TSB, UPEC strains produced significantly higher ODs compared to APEC, NMEC, AFEC, and HFEC isolates (MW, *p* = 0.02045, **Figure [3](#F3){ref-type="fig"}**). Even though UPEC did not produce a significant *p*-value (χ^2^, *p* = 0.0505) when the biofilm levels of UPEC strains were categorized, a greater proportion of UPEC strains classified as high-level biofilm formers (25%) compared to any other commensal or ExPEC group (**Figure [2](#F2){ref-type="fig"}**). In contrast, most (range 53--73%) of the APEC, NMEC, AFEC, and HFEC isolates produced negligible biofilms in 1/20 TSB (**Figure [2](#F2){ref-type="fig"}**).

![Optical density of ExPEC and commensal *E. coli* strains. Biofilm formation relative to the ExPEC commensal and subpathotype classification and media: M63 (red), 1/20 TSB (green), and BHI (blue). The mean OD~600~ is plotted; error bars represent ± standard error of mean.](fmicb-09-00902-g003){#F3}

In BHI, no significant differences were observed for the ODs of the groups (**Figure [2](#F2){ref-type="fig"}**), yet more APEC and NMEC strains were categorized as negligible biofilm producers than any other category of biofilm (38.6 and 37.5%, respectively, **Figure [2](#F2){ref-type="fig"}**). AFEC and HFEC isolates produced more low-level biofilms than any other category of biofilm formation (54.5 and 44.1%, respectively). Additionally, HFEC produced more high-level biofilms than the isolates from any other subpathotype or commensal group (14.7%, **Figure [2](#F2){ref-type="fig"}**).

Associations Between Biofilm Formation by *E. coli* and Host
------------------------------------------------------------

Since APEC and NMEC showed significant OD differences in M63 broth, we attempted to determine if there were differences between *E. coli* isolated from chickens (APEC and AFEC) and humans (NMEC, UPEC, HFEC). Interestingly, no significant differences were observed between strains isolated from the two hosts, suggesting that biofilm formation is not associated solely with the host origin of the strain (Supplementary Figure [2](#SM1){ref-type="supplementary-material"}).

Associations Between Clermont's Original Phylogenetic Groups and Biofilm Formation
----------------------------------------------------------------------------------

Significant differences were observed between the ODs of each isolate classified by Clermont's original phylogenetic groups when all *E. coli* were compared in M63 broth (KW, *p* = 0.0055, **Figure [4](#F4){ref-type="fig"}**). The OD of phylogenetic group B2 showed significantly greater biofilm formation than phylogenetic group A (HSD, *p* = 0.0131, **Figure [4](#F4){ref-type="fig"}**). The majority of phylogenetic group A strains were found to be significantly different (χ^2^, *p* = 0.0172) than the other *E. coli* when the level of biofilm production was examined. A majority of group A isolates produced negligible biofilms (55.6%, **Table [2](#T2){ref-type="table"}**). There were no significant differences between groups B2 and B1 or D since a greater prevalence of these isolates produced moderate or high-level biofilms at 43.5, 41.3, and 27.9%, respectively among the isolates examined (**Table [2](#T2){ref-type="table"}**).

![Optical density of *E. coli* isolates as designated using Clermont's original phylogenetic groups. Biofilm formation relative to Clermont's original phylogenetic typing scheme and media: M63 (red), 1/20 TSB (green), and BHI (blue). The mean OD~600~ is plotted; error bars represent ± standard error of mean.](fmicb-09-00902-g004){#F4}

###### 

Chi-square discrete categorization of *E. coli* by Clermont's original phylogenetic groups^∗^.

                 Negligible   Low     Moderate   High    *p*
  -------------- ------------ ------- ---------- ------- ------------
  **M63**                                                
  A              55.6%        17.8%   15.6%      11.1%   **0.0172**
  B1             21.7%        34.8%   39.1%      4.3%    0.0847
  B2             21.7%        37.0%   23.9%      17.4%   0.0803
  D              39.3%        32.8%   18.0%      9.8%    0.7572
  **1/20 TSB**                                           
  A              75.6%        13.3%   6.7%       4.4%    0.0644
  B1             47.8%        8.7%    17.4%      26.1%   0.0750
  B2             45.7%        23.9%   21.7%      8.7%    **0.0183**
  D              62.3%        18.0%   4.9%       14.8%   0.2369
  **BHI**                                                
  A              46.7%        28.9%   11.1%      13.3%   **0.0047**
  B1             34.8%        34.8%   21.7%      8.7%    0.9032
  B2             21.7%        60.9%   13.0%      4.3%    **0.0240**
  D              26.2%        39.3%   31.1%      3.3%    **0.0368**

∗

Percentages may not add up to 100.0% due to rounding. Values in bold are significant to α \< 0.05.

Like M63, significant differences were observed between all *E. coli* grown in diluted TSB (KW, *p* = 2.999E-3, **Figure [4](#F4){ref-type="fig"}**). When the ODs of phylogenetic groups B1 and B2 were examined, these groups demonstrated significantly greater biofilm formation than phylogenetic group A (HSD, *p* = 0.01084 and *p* = 8.366E-3, respectively). When the biofilm level of phylogenetic group B2 was compared to others, it was significantly different (χ^2^, *p* = 0.0183) than the other phylogenetic groups, and 45.7% of group B2 produced low or moderate biofilms (**Table [2](#T2){ref-type="table"}**). 43.5% of phylogenetic group B1 isolates produced moderate or high biofilms while the majority of phylogenetic group A and D isolates produced negligible biofilms (75.6 and 62.3%, respectively, **Table [2](#T2){ref-type="table"}**).

Phylogenetic groups A, B2, and D were statistically different from the other phylogenetic groups (χ^2^, *p* = 0.0047, *p* = 0.0240, *p* = 0.0367, respectively) in BHI when their biofilm levels were assessed. The majority of phylogenetic group A isolates (75.6%) produced negligible or low-level biofilms (**Table [2](#T2){ref-type="table"}**). Phylogenetic group B2 isolates (60.9%) formed more low-level biofilms than any other group. Phylogenetic group D strains (31.1%) produced more moderate level biofilms than phylogenetic groups A, B1, or B2 (**Table [2](#T2){ref-type="table"}**).

Associations Between Clermont's Revised Phylogentic Groups and *E. coli* Biofilm Formation
------------------------------------------------------------------------------------------

A Kruskal--Wallis test based on the ODs of each isolate classified by Clermont's revised phylogenetic typing scheme identified significant differences among the revised phylogenetic groups and strains grown in M63 (*p* = 1.627E-5). The OD of phylogenetic groups A and F were less than groups B2 or E (*p* values in Supplementary Table [3](#SM6){ref-type="supplementary-material"}, **Figure [5](#F5){ref-type="fig"}**). The ODs of phylogenetic group C compared to any different phylogenetic group were not significant, but the difference between group C and E was suggestive of a possible difference (*p* = 0.0527). When their biofilm levels were compared to the remaining isolates using the χ^2^ test, phylogenetic groups A, E, and F were significantly different (*p* = 0.0243, *p* = 0.0290, *p* = 0.0024, respectively, Supplementary Table [2](#SM5){ref-type="supplementary-material"}). In M63, phylogenetic groups A and F overwhelmingly produced negligible biofilms, (60 and 67.9%, respectively, **Figure [6](#F6){ref-type="fig"}**). In contrast, phylogenetic group E was the most prolific biofilm former with 58.8% of isolates forming moderate or high biofilms (**Figure [6](#F6){ref-type="fig"}**). Of the other phylogenetic groups, 50% of phylogenetic group D isolates formed low biofilms, and 57.1% of phylogenetic group C isolates formed negligible biofilms (**Figure [6](#F6){ref-type="fig"}**). The majority of phylogenetic group B2 isolates (65.8%) produced low or moderate biofilms (**Figure [6](#F6){ref-type="fig"}**).

![Optical density of *E. coli* isolates as designated using Clermont's revised phylogenetic groups. Biofilm formation relative to Clermont's revised phylogenetic group and media: M63 (red), 1/20 TSB (green), and BHI (blue). The mean OD~600~ is plotted; error bars represent ± standard error of mean.](fmicb-09-00902-g005){#F5}

![Prevalence of biofilm formation by *E. coli* classified using Clermont's revised phylogenetic groups in each medium. Cumulative percentage of negligible (red), low (green), moderate (blue), and high (purple) biofilm forming isolates by Clermont's revised phylogenetic groups. The significant differences between groups are shown in Supplementary Table [2](#SM5){ref-type="supplementary-material"}.](fmicb-09-00902-g006){#F6}

Like M63, a Kruskal-Wallis test based on the OD of tested isolates and Clermont's revised phylogenetic typing scheme identified significant differences in diluted TSB (*p* = 4.501E-7, **Figure [6](#F6){ref-type="fig"}**). The ODs of the different phylogenetic groups revealed phylogenetic groups A and F were characterized by significantly lower biofilm ODs than other phylogenetic groups with higher optical densities observed for B1, B2, D, and E (HSD, *p*-values in Supplementary Table [3](#SM6){ref-type="supplementary-material"}, **Figure [6](#F6){ref-type="fig"}**). Phylogenetic group C was not statistically different from any group. When the level of biofilm formation was determined via *k*-means clustering, phylogenetic groups A, B1, and B2 were all significantly different from the other phylogenetic groups (χ^2^, *p* = 0.0161, *p* = 0.0176, *p* = 0.0078, **Figure [6](#F6){ref-type="fig"}**, Supplementary Table [2](#SM5){ref-type="supplementary-material"}). A majority of isolates classified as phylogenetic groups A, C, D, and F produced negligible biofilms (88.0, 66.7, 50, and 78.6% respectively, **Figure [6](#F6){ref-type="fig"}**). A total of 50.0 and 41.2% of isolates from phylogenetic groups B2 and E produced low and moderate biofilms, respectively (**Figure [6](#F6){ref-type="fig"}**). Isolates identified as phylogenetic group B1 produced more high-level biofilms than any other group in diluted TSB (31.8% of isolates examined, **Figure [6](#F6){ref-type="fig"}**).

In BHI, phylogenetic groups A and B2 were statistically different from groups other than themselves (χ^2^, *p* = 0.0001 and *p* = 0.0258, Supplementary Table [2](#SM5){ref-type="supplementary-material"}). For phylogenetic group A, 56% of isolates produced negligible biofilms while 63.2% of phylogenetic group B2 isolates produced low-level biofilms (**Figure [6](#F6){ref-type="fig"}**). For phylogenetic group E, 47.1% of the isolates examined formed low-level biofilms (9.1%, **Figure [6](#F6){ref-type="fig"}**).

Discussion
==========

In ExPEC, there is substantial morbidity and mortality associated with urinary tract infections and neonatal meningitis in humans as well as colibacillosis in avian hosts. The suffering and costs associated with diseases caused by ExPEC are undoubtedly significant ([@B38]; [@B13]). Therefore, we assessed the associations between APEC, NMEC, UPEC, AFEC, and HFEC with biofilm formation using the crystal violet phenotype assay. Additionally, we examined the genetic similarity of the bacterial isolates tested and their ability to form biofilms using Clermont's original and revised phylogenetic typing schemes. Although previous work has been done surveying biofilm formation in APEC and AFEC ([@B49]), NMEC and HFEC ([@B57]), UPEC ([@B50]), and *E. coli* derived from raw meat and eggs ([@B33]), this study is the first to examine biofilm formation across the subpathotype and commensal groups under standardized conditions, and the work presented demonstrates a novel, unbiased way to classify biofilms in a high throughput manner.

In order to classify biofilm formation, we utilized a machine learning-based clustering methodology to remove human bias in classifying the negligible, low, moderate, and high biofilm forming groups. The four biofilm categories used in this study were selected to allow for comparison with the earlier work of our lab reported by [@B49]. We believe this method to be advantageous to other methods previously used to distinguish the relative formation of biofilms as we do not classify biofilms by an author drawn cutoff or use a standard deviation system from the control wells ([@B40]; [@B49]; [@B50]; [@B35]; [@B57]; [@B33]), yet we do note that the approach presented may classify isolates slightly differently than previous methods. In a recent study by [@B35], 93% of ExPEC-like *E. coli* were found to produce biofilms in Luria--Bertani medium. These numbers differ significantly from our strain classifications here, but these *E. coli* strains were assayed in round-bottom 96-well plates. Additionally, the *E. coli* strains were reported to be isolated from meat and eggs, not ill avian or human hosts ([@B35]). These isolates had their subpathotype identified based on the presence or absence of genes associated with virulence or phenotypic differences. The current study classified the pathotype based on the source of the original isolate and the presence or absence of disease, similar to literature precedent ([@B49]; [@B50]; [@B29]). Therefore, APEC isolates were isolated from diseased birds while NMEC and UPEC were isolated from cases of neonatal meningitis or urinary tract infections in humans. AFEC and HFEC isolates were obtained from avian or human hosts, respectively, which did not demonstrate apparent disease.

Interestingly, when we tested ExPEC isolates, we found our results to be analogous to previous work with ExPEC *sensu stricto*. For NMEC, it has previously been reported that approximately 77.4% of isolates form biofilms in Luria-Bertani broth, and 52.8% of isolates form biofilms in a minimal medium ([@B57]). Although we did not test the nutrient-rich Luria-Bertani medium, we did find that a majority (68.8%) of NMEC formed biofilms in a minimal medium, yet the majority of these biofilms were classified as low-level biofilms (53.1%). Likewise, [@B49] found that the majority of APEC (range 53.3--98.1%) and AFEC (range 56.3--83.4%) formed "none/weak" biofilms in M63, 1/20 TSB, and BHI. We concur that a majority of APEC (range 70.4--84.1%) and AFEC (range 60.6--84.8%) produce negligible and low biofilms in all media tested, but we found that the production of moderate- or high-level biofilms was slightly greater when compared with [@B49].

Like APEC and NMEC, subtle differences were observed for UPEC strains when they were examined based on their biofilm classification and previously reported studies. [@B50] found 40--43% of UPEC produce biofilms while the current study found that 37.5% of UPEC produced moderate- or high-level biofilms in minimal medium. Nevertheless, the similarity of biofilm production among these ExPEC, even with slightly different methods of biofilm classifications between studies, gives us confidence in utilizing a *k*-means clustering methodology for biofilm classification.

To our knowledge, this is the first time an unbiased cluster analysis-based approach has been used to classify biofilm formation, yet machine learning clustering techniques have been used to examine other biological systems such as sensing contamination in the food industry ([@B19]; [@B15]) and identification of bacteria responsible for urinary tract infections ([@B16]). Nevertheless, there are limitations to clustering techniques as biological systems can be variable and statistical significance can be lost. When we performed the statistical Mann--Whitney test on the continuous optical densities of the isolates, UPEC was significantly different than the other *E. coli* tested in diluted TSB. However, discretization of the data occurred when the *E. coli* were sorted into the four biofilm levels, and significance was lost. Even with a loss of significance, the sorting of *E. coli* into the four classes of biofilm production is central to deliberation and reflection regarding similarities and differences among strains.

Potential Impact of Subpathotypes and Pathogenesis on Biofilm Formation
-----------------------------------------------------------------------

In M63 medium, APEC and NMEC were significantly different from the other *E. coli* when their biofilm levels were categorized. The bulk of APEC and NMEC strains were classified either as negligible or low biofilm producers while UPEC, AFEC, and HFEC strains could not be differentiated. The limited biofilm production of the APEC and NMEC subpathotypes and the inability to separate *E. coli* based on their host of isolation (human or avian) leads to further evidence that APEC may be a zoonotic pathogen ([@B25]; [@B54]; [@B37]).

Although UPEC could not be differentiated from AFEC and HFEC in M63 broth, it had statistically greater ODs in diluted TSB than the other *E. coli* tested. Undoubtedly, the ability of UPEC to produce biofilms is well-documented ([@B3]; [@B50]). It is well-known that virulence factors associated with the adhesion of UPEC in the host include the F1C, P, S, and Type I pili as well as the Dr adhesins ([@B58]; [@B13]). If the ability to produce biofilms promotes adherence by UPEC, the negligible or weaker biofilms produced by APEC and NMEC may be expected as expulsion from the urinary tract is not a major impediment to their ability to cause disease. Nevertheless, the UPEC selected for this study may have been inadvertently selected by the ability to survive in a urinary catheter as the isolates studied here were isolated from hospitalized patients; survival in a catheter presumably may be aided by a biofilm. Unfortunately, there is no way to ascertain whether these isolates were isolated from urine or urinary catheters.

Interestingly, both groups known to reside in the intestinal tract, AFEC (69.7%) and HFEC (82.4%), produce more biofilms in the rich medium, BHI. A different gut dwelling *E. coli* pathotype, enteroaggregative *E. coli* (EAEC) has also shown an ability to produce robust biofilms in BHI ([@B47]), suggesting that *E. coli* of the gut may be more suited to biofilm production in nutrient-rich conditions.

Association Between Phylogenetic Typing and Biofilm Formation
-------------------------------------------------------------

In Clermont's original typing scheme, *E. coli* strains were subtyped into four groups: A, B1, B2, and D ([@B6]). Original phylogenetic group A isolates are found as commensals in the human gut ([@B11]), in sediment environments ([@B56]), or as pathogens in poultry ([@B30]). However, phylogenetic group A may be best known for containing the laboratory strain MG1655 K12 ([@B36]). When the ability to produce biofilms was examined for phylogenetic group A isolates, a majority of isolates formed negligible biofilms in each media, the only group to do so in all three media types. While group A and B1 have been proposed to be sister clades ([@B27]) and have been shown to be inversely related in some aquatic environments ([@B20]), group B1 produced more high-level biofilms than any other group in diluted TSB. Group B1 has been shown to occur more often than group A in aquatic environments during high temperature seasons, and the production of biofilms could promote adhesion to surfaces in these warmer temperatures ([@B20]). Phylogenetic group B2 has long been known as a group containing many human pathogens, including NMEC ([@B57]; [@B30]), UPEC ([@B45]; [@B50]; [@B30]), and strains belonging to irritable bowel disease patients ([@B42]). Phylogenetic group B2 had significantly different biofilm levels than the other groups in media that was more nutrient rich -- diluted TSB and BHI (**Table [2](#T2){ref-type="table"}**). In these media, B2 isolates produced more biofilms than any other group. Finally, significant differences for group D occurred solely in BHI as group D produced more moderate level biofilms than any other group. While classification of the isolates by Clermont's original phylogenetic typing scheme yielded interesting results, the scheme was revised in 2013 as a means to better classify some of the inconsistencies in the original typing scheme. We include the scheme here as a means to interpret the potential influence of the original phylogenetic group for research already completed.

In 2008, [@B17] found that 80--85% of the phylogenetic group memberships assignment under Clermont's original scheme were correct with assignment to groups B1 and B2 were correct for 95% of assignments. Therefore, the scheme was revised in 2013 to include *E. coli* specific groups that are used to classify *E. coli*: A, B1, B2, C, D, E, F, and Clade I ([@B7]). [@B30] found significant phylogenetic group changes when classification of ExPEC and commensal *E. coli* strains were examined using the new phylogenetic typing scheme . In APEC and UPEC, significant changes were observed from groups A to C and D to E or F ([@B30]). In NMEC, group D isolates changed to group F ([@B30]). Upon our re-categorization according to Clermont's revised phylogenetic typing scheme ([@B7]), we found *E. coli* isolates of group E to be the most prolific producers of biofilms in minimal medium. Unfortunately, little is known about group E, but it may consist of pathogens such as diarrheagenic *E. coli* ([@B5]). Unlike phylogenetic group E, group F produced the lowest optical density, suggesting poor biofilm capability in minimal and nutrient limited media under the conditions of this study. The relatively low production of biofilms by group F is thought-provoking as group F strains have been shown to contain relatively high numbers of virulence, resistance, and pathogenicity island associated genes when examined in *E. coli* stains isolated from poultry ([@B30]). The B2 phylogenetic group has been suggested to be a sister group to phylogenetic group F ([@B21]; [@B8]), but we found that tested B2 strains were relatively good at producing biofilms in all media, significantly contrasting with group F. Thus, an investigation of the genetic differences between phylogenetic group B2 and F is warranted.

Conclusion
==========

The work presented here is novel and uses a machine learning based approach to remove human bias in the classification of biofilms among a collection or ExPEC and their commensal counterparts. This study has also demonstrated that there was no significant difference between the *E. coli* isolates from animal and human hosts when they were not separated by commensal or subpathotype categories. When isolates were separated by their demonstrated pathogenesis in their respective host, biofilm production for APEC and NMEC was significantly different from other *E. coli* in M63 as these subpathotypes produced negligible or weaker biofilms. Interestingly, UPEC was a significantly better biofilm former than the other *E. coli* tested in diluted TSB. Clearly, further work is necessary to elucidate the mechanisms of pathogenesis and virulence factors of ExPEC that contribute to biofilm formation in moderate and high-level biofilm formers. When considering the prolific biofilm forming abilities of phylogenetic group E in M63, it is evident that more research is warranted to explore this relatively new phylogenetic group and its potential association with disease in human and animal hosts.
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